When a predator attacks a flock of starlings (Sturnus vulgaris), involving thousands of individuals, a typical collective escape response is the so-called agitation wave, consisting of one or more dark bands (pulses) propagating through the flock and moving away from the predator (usually a Peregrine falcon, Falco peregrinus). The mechanism underlying this collective behavior remains debated. A theoretical study has suggested that the individual motion underlying a pulse could be a skitter (in the form of a zigzag), that is copied by nearby neighbors, and causes us to temporarily observe a larger surface of the wing because the bird is banking during turning while zigzagging. It is not known, however, whether pulses during a wave event weaken over time. This is of interest, because whereas during the usual turning by an undisturbed flock the motion is copied completely without weakening, we may expect that pulses dampen during a wave event because individuals that are further away from a predator react less because of reduced fear. In the present paper, we show in empirical data that pulses during a wave event weaken over time. Our computational model, StarDisplay, reveals that this is most likely a consequence of a reduction of the maximum banking angle during the zigzag escape maneuver rather than by a reduced tendency to copy this maneuver with time. The response seems adaptive because of lowered danger at a larger distance to the location of attack.
Introduction
The study of collective motion of social animals, including humans, is an interdisciplinary field at the frontiers of science, which has greatly benefitted from combining empirical and modeling approaches (Camazine et al. 2003; Grimm et al. 2005; Sumpter et al. 2012; Ouellette 2019) . When starlings swirl above their roosting site in huge flocks of thousands of individuals, they perform even without a predator attacking them complex maneuvers involving sudden collective turns that change the shape and density of flocks remarkably. When the flocks are attacked by a predator, they display patterns of collective escape that are even more complex (Feare 1984; Ballerini et al. 2008a; Carere et al. 2009; Goodenough et al. 2017; Storms et al. 2019 ).
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One of the most common patterns of collective escape is the so-called "wave of agitation," where one or more dark bands (here referred to as pulses) of an approximately fixed width originate close to the attacking predator and travel within a second over the flock away from it (Procaccini et al. 2011; Storms et al. 2019) ; thus, the wave is transferring information rapidly across many individuals (Gerlotto et al. 2006; Procaccini et al. 2011) . The function of this wave may be that it confuses the predator in whom to attack (Procaccini et al. 2011) . How individuals behave and transfer information to produce such pulses is still unknown. Information transmission in flocks of starlings has been studied empirically so far only during collective turning (Attanasi et al. 2014; Cavagna et al. 2015) . Based on detailed empirical data recorded with three cameras, it has been shown that once an individual had started a turn, others followed at approximately constant intervals, with an identical turning motion (Attanasi et al. 2014) . Whether during an agitation wave individuals copy and repeat escape maneuvers identically or weaken the maneuver over time, so that the pulse would fade out, remains unknown. This question is of interest, because in our recent analysis of reactions of a flock to a predator, we quantitatively showed that the patterns of collective response of starlings are fine tuned to the characteristics of hunting by a falcon (such as its speed and direction from which it attacks; Storms et al. 2019) . Similarly, weakening of a wave over time may be adaptive and reducing fear and responsiveness to a predator when it is further away is in line with theoretical predictions (Broom and Ruxton 2005) .
In the present study, we investigate agitation waves both empirically and theoretically. Empirically, we analyze agitation waves elicited by avian predators (Peregrine falcon) and video-recorded above urban roosts in Rome, Italy. Empirical analysis can be done only at the group level because of the great distance between observers and the flocks. Theoretically, we use our earlier computational model, StarDisplay, in which flocks resemble empirical data in many ways (Hemelrijk and Hildenbrandt 2011; Hemelrijk and Hildenbrandt 2015a, b; Hemelrijk et al. 2015) . In it, we showed that individual motion underlying the wave of agitation was a skitter motion (zigzagging) resulting in an "orientation wave" rather than a motion of fleeing inward into the flock causing a density wave (in which individuals temporarily cluster closer together) (Hemelrijk et al. 2015) .The change of orientation of the wing towards the observer during the simultaneous skitter motion of several individuals caused the dark bands. We continue to investigate the skitter maneuver by studying what happens at the individual level in more detail, and producing in the model agitation waves that are either damped in their amplitude of regular variation of darkness or not.
We posed the following questions: (1) Does the intensity of darkness of an agitation wave decrease with time as it progresses through the flock? (2) How does the regular variation of darkness in the model compare to that in real flocks in terms of decrease of darkness of pulses, if we assume in the model (a) a complete tendency to repeat the "zigzag" maneuver, (b) a reduced tendency to repeat it, and (c) a complete tendency to repeat it, but by banking to a smaller maximum angle?
Methods
We investigated whether pulses of agitation waves in empirical data of starling flocks under predation threat collected in Rome, Italy (Procaccini et al. 2011 ) fade out and compared this with pulses, which were generated in a computational model of starling flocks, StarDisplay (Hemelrijk et al. 2015) .
Empirical footage and its analysis
We collected data on 16 wave events including a total of 44 pulses from the footage of 5 starling flocks recorded in Rome across two winter seasons as described in a previous study (Procaccini et al. 2011) . We distinguish between wave events and pulses following the definition by Procaccini and coauthors (Procaccini et al. 2011) , whereby a wave event comprises a single pulse of darkness ( Figs. 1 and 2 ) or a series of pulses (Fig. 2b ) that travel in a given direction through the flock and a wave event is separated from the next one by an interval of 10 s. We identify a pulse in the plots of regular variation of luminance applying the following criteria: (a) there should be a decrease of luminance from a local maximum until a local minimum and (b) the regular variation of luminance of each specific pulse should be visible at its start location (red line in Fig. 2b ) before being visible at its end location (blue Figs. 2b and S1; Table S1 ). The wave ends by the last oscillation, thus where there is a last local maximum followed by a local minimum in both, the location at the beginning and end.
We selected those videos with agitation waves in which flock and falcon were clearly visible, the shape of the flock was relatively undisturbed, and not deforming too much and in which the predator attacked at a single location in the flock without changing attack location during the wave event.
To determine whether the darkness of pulses decreases with time, we measure per wave event and per pulse the difference in amplitude of the regular variation of luminance at a location (so-called region of interest) close to where the wave starts (starting location) and at a location where the wave approximately ends (end location) (Figs. 1 and 2). Fading out of waves is indicated by a statistically positive difference over all waves between the amplitude at beginning minus that at its end for each wave event or pulse. For some wave events, we average values of maximally 3 measurements at the beginning and at the end of the pulse. To measure the amplitude at a specific location of the flock (namely at the start location and end location), we need to follow the location of this region over time ( Fig. 1 ). We designed a computer program for linearly interpolating these two positions of a specific region of interest over time. The amplitude of the luminance L(t) at a specific location is normalized by the average luminance of the background and computed per wave event and per pulse as max[
, whereby maximum and minimum are measured either over the complete wave or per pulse respectively. The average value of the normalized luminance in the region of interest is the value for Y from the YUV color space divided by 255, the maximum value of the Y channel. Here, Y stands for the luminance and U and V for the range of blue-yellow and redcyan colors respectively. A normalized luminance of 1 represents a plain, white area and 0 a plain, black area. We calculated amplitudes at the level of a wave event and at the level of pulses (as defined above) as follows (Fig. 2a, b) . At the level of the wave event, we measured the maximum amplitude at each of the two locations by subtracting the minimum of luminance from the maximum, at the location at the beginning and at the end (Fig. 2a) . At the level of the pulse, we measured the amplitude per pulse at both locations (Figs. 2b and S1 ).
The amplitudes of regular variation of luminance were not normally distributed (Figs. 3a, b and S3) and sample size was small, so we used nonparametric tests only, namely the Wilcoxon matched-pairs signed-ranks test and Kendall rank correlations. Fig. 2 Measurement of amplitude of regular variation of luminance at two levels, more coarsely, a per wave event and more refined, b per pulse. a The amplitude of the luminance per wave event is measured over the whole wave event at the location at the beginning (red), namely as indicated in the discretized square in Fig. 1 and at the location at the end of the wave (blue) (see continued square in Fig. 1) , and in the background (black line) over time (in sec). b The amplitude is measured per pulse (subsequent pulses are indicated by increasing numbers) at both locations, beginning and end (see Fig. 1 ).
Amplitudes of the beginning (in red) and end locations (blue) of each pulse are indicated and pulses are numbered consecutively (for pulses measured in all wave events; see Fig. S1 ). The amplitude per wave event and per pulse is measured in both cases as max[
where the maximum and minimum are calculated per wave or pulse respectively. Controlled for the average of the background over time (indicated as (avg[bg(t) 
Simulation experiments in the model StarDisplay
We use our model of collective motion of starling flocks, StarDisplay (Hildenbrandt et al. 2010; Hildenbrandt 2011, 2015a, b; Hemelrijk et al. 2015) , since its flocks resemble real flocks in many traits, including its agitation waves (Hemelrijk et al. 2015, see also "Introduction") . This model, parametrized to empirical data of real starlings (Table S2) , is based on coordination among birds, in which individuals are attracted to others, align with them, avoid collisions with them, and fly following a simplified version of flying behavior based on fixed wing aerodynamics (Hildenbrandt et al. 2010; Hemelrijk and Hildenbrandt 2011 , 2015a Hemelrijk et al. 2015) . Following empirical findings, in the model, individuals are attracted to staying above the area for sleeping (the roosting site) and coordinate with only their 7 closest neighbors (Ballerini et al. 2008b ). For more detail on the basic model, see supplementary material. Here, we focus on details of modeling the agitation wave in flocks of 2000 individuals. Birds are represented as black delta-shaped objects and waves are initiated by a single bird at the border of the flock that supposedly detects a predator. The escape maneuver is a skitter motion, in the form of a "zigzag" (Table S3 ). Here, a bird follows a bend path in which it rolls (banks) temporarily in one direction and rolls back again. In the original model (Hemelrijk et al. 2015) , the neighbors nearby copy this motion exactly, which causes dark bands to propagate over the flock. In the present study, we have adjusted the copying of the escape maneuver in two ways: (1) we reduce the chance that neighbors copy it, and Fig. S7 ). c Difference in amplitude of the modulating luminance in the model at the location at the beginning and end of a wave for a decreasing probability to copy the escape maneuver. d Same difference in amplitude in the model against a decreasing angle of banking during the escape maneuver of zigzagging. The differences in amplitudes of luminance between the locations at the beginning and end were mostly not distributed normally: Shapiro-Wilk normality test in empirical data: n = 16 wave events, W = 0.89, p = 0.07 two-tailed; n = 44 pulses, W = 0.96, p = 0.10 two-tailed; modeling results of probability of copying: n = 13, W = 0.96, p = 0.70 two-tailed and thus followed up by nonparametric tests; apart from the differences for reduced depth of banking: n = 17, W = 0.88, p = 0.04 two-tailed, which were normally distributed and subsequently tested parametrically. a, b The amplitude of luminance is on average larger at the location at the beginning than at its end: Wilcoxon matched-pairs signed-ranks test: at level of wave events: n = 16, W = 108, p = 0.007 two-tailed; at level of pulses: n = 44, W = 677.5, p = 0.014 two-tailed. c Decreasing the tendency to copy in the model has a non-significant effect (Kendall rank correlation: n = 13, tau = − 0.23, p = 0.31 two-tailed). d If individuals copy the zigzag with a decreasing maximum banking angle, the wave fades out (Pearson product-moment correlation: df = 15, r = 0.67, p = 0.0003 two-tailed). For the decrease in angle of banking, see Fig. S2 , and for normalized luminance at both locations over time with decreasing banking angles, see Fig. S8 (2) we make the neighbors roll less deep (but as long) at each event of copying the escape maneuver. We have studied the effect of various parameters in a single wave event where individuals were copying (or not) the escape maneuver from the 7 closest neighbors. The parameter range of the probability of copying was limited between 1.00 and 0.4 with decrements of 0.5, thus, 1.00, 0.95, 0.9, etcetera, in order to keep individuals together in the flock despite their difference in motion. The parameters of the reduction of the maximum angle of tilting with subsequent events of copying ranged from 0 to 0.04, with increments of 0.0025, meaning that the maximum angle of tilting was reduced by that fraction (0%, 0.25%, 0.5%, 0.75%, 1%, etcetera). Here, we reduced the angle of banking (called CopyDecay in Fig. S6 ) by a fraction while keeping the same time interval of banking.
We generate two-dimensional images of the flock on a white background by making the observer (or camera) move parallel to the flock in the same direction as the flock and pointing to the center of gravity of the flock (at an almost fixed angle) so that it perceives maximal changes in wing surface. The amplitude of regular variations of luminance of the flock is measured in the same way as in the empirical footage.
Results
In videos of real flocks, we analyzed 16 wave events that comprised one to 6 pulses of darkness traveling through the flock (a total of 44 pulses; Table S1 ).
The results show that the amplitude of the regular variation of luminance is on average larger at the location at the beginning than the location at its end ( Fig. 3a, b ; for both methods, see Fig. 2a, b; for the difference in amplitude at location at beginning and end of a pulse for each pulse per wave, see Fig.  S7 and for separate pulses, see Fig. S1 ). This means that empirically a pulse fades out.
In our computational model, StarDisplay, we represent the weakening of pulses in two ways by decreasing (a) the tendency to copy over time, and (b) the maximum angle of tilting during a skitter-like escape maneuver (the zigzag). In the model, we see that decreasing the tendency to copy has no significant effect on the amplitude at the end position (Fig. 3c ). Yet, if individuals copy the zigzag with a decreasing maximum banking angle, the pulse in our model weakens like in empirical data (Figs. 3d and S8 ).
Discussion
The empirical data from attacks by falcons on real flocks of starlings show that agitation waves and their pulses significantly decrease in intensity and thereby, transmission of information about a threat decreases with time. To produce a decay in a wave in our computational model, StarDisplay, individuals need to repeat the zigzag-like escape maneuver while reducing its prominence over time, meaning that individuals are banking to a maximum angle that is smaller with each subsequent event of copying. Decay in intensity of the pulses happens neither if individuals copy the escape maneuver completely from their nearby neighbors nor if they reduce their tendency to copy it. Thus, our study suggests that in real flocks, waves and pulses fade out due to decreasing the maximum exposure of the surface of the wings to the observer during copying the zigzag escape maneuvers over time.
This extends our former results when using StarDisplay for studying what underlies agitation waves (Hemelrijk et al. 2015) . Here, we suggested that waves either reflected a change of density of individuals in the flock (Axelsen et al. 2001; Procaccini et al. 2011) or their orientation (Buchanan et al. 1988; Potts 1984) or both (Hemelrijk et al. 2015) . We showed that only when the wave through the flock comprised a zigzag escape maneuver, our visual system observed indeed a dark band moving along the flock, not when the escape maneuver involved individuals fleeing fast forward into the flock. The orientation wave (skitter wave by zigzagging) in the model moved away from the predator at a speed similar to that in empirical data of the agitation wave of real flocks (Procaccini et al. 2011) . The information transmission during copying in the model was complete, and therefore, individuals were always repeating a zigzag when at least one of their influential neighbors performed it and were repeating it in exactly the same way as they observed it. Our present findings show that our earlier model of agitation waves differs from empirical data in its lack of decay in amplitude of regular variation of luminance with time (Hemelrijk et al. 2015) .
Our findings seem to warrant the use of the model StarDisplay for testing different hypotheses, because it adds an extra pattern (of damping of waves) to several other emergent properties of modeled flocks that resemble empirical data outside the context of predation. These are the flocks' relative proportions of height, width, and length; their similar density at front and back; collective turning over equal radii, which produces changes of shape during turning; the scale free correlation between collective heading and flock size, and the degree of diffusion in the flock (Hemelrijk and Hildenbrandt 2008 , 2015a Hildenbrandt et al. 2010; Hemelrijk et al. 2015) .
As a possible limitation of our study, we acknowledge that our empirical data are based on events in which flocks reacted to a single predator, even though waves were sometimes generated by more than one predator. We omitted these few episodes because they were too complex for our analysis. Besides, we also ignored waves generated by a non-predator passing by (such as a gull), because these waves are weaker and die out sooner. Although we expect our explanation to hold here also, this needs further study.
A decreasing maximum banking angle when copying a maneuver of turning while zigzagging differs from what is empirically observed in starling flocks during "regular" collective turning in the absence of a negative stimulus such as a predator. During regular turning when the group is undisturbed, individuals appear all to be turning over the same angle (Attanasi et al. 2014) . The fading out of the turning in the zigzag-skitter motion with each subsequent event of copying may be a consequence of decreasing fearfulness of birds the larger their distance to the predator. Such decrease in responsiveness could be adaptive in terms of energy expenditure, because at a larger distance from the predator, the chance to be caught is smaller (Broom and Ruxton 2005) . Individual starlings are sensitive to subtle cues of predation risk and rapidly resume normal behavior, e.g., foraging, if these cues are gone (Carter et al. 2008) .
Future studies based on filming at closer proximity (possibly with the help of drones) are needed to explore in detail how fading out of skitter motions during escape maneuvers compare to the individual behavior during undisturbed turns of the flock.
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